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We measured thresholds for detecting the direction of curvature in slightly bent stimuli such as arcs 
and sinusoidal lines, and the direction of bend in chevrons and trapezoids in an initial experiment. 
Stimulus length varied over a wide range from 8.3 to 267 min arc. For sufficiently long stimuli, the 
angle between the stimulus and its chord was constant at 0.2-0.3 deg at detection threshold. The 
constant threshold implies that performance might be limited by the sensitivity of a single 
mechanism, in this case one that detects the orientation difference between the stimulus and its 
imaginary chord. In a second experiment, we investigated the two-dimensional extent of curvature 
sensitive units by measuring thresholds for detecting curvature of arcs that were flanked by straight 
lines on both sides. Thresholds remained unaffected at flank distances above 6 rain arc but 
increased at lower distances independently of arc length, compatible with the assumption of a local, 
orientation sensitive mechanism. In a third experiment, we measured curvature detection with 
stimuli of different shapes to examine psychophysieally the putative role of odd side margin 
receptive fields. We propose that low curvatures might be analysed by orientation sensitive units 
with a size around 20 x 8 min arc. Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 
The human visual system detects and discriminates 
individual objects, or figures, amidst a plethora of ever- 
changing contours, contrasts and forms in the surround 
field. The visual cortex analyses different aspects of the 
objects, such as form, position, colour, and motion 
partially in separate areas. Several aspects of objects are 
detected quickly, effortlessly and simultaneously over the 
visual field. Among these features are orientation, colour, 
motion and depth. For example, a single curved or tilted 
line amidst many straight lines is detected immediately, 
independent of the number of these simultaneously 
presented straight distractors. This is true even if the 
orientation of the curved line and of the straight 
distractors vary at random (Fahle, 1991). A large number 
of neurons must be involved in achieving this feat. 
Hence, orientation seems to be an important feature for 
the analysis of visual stimuli. 
Even minute curvatures may be detected under optimal 
conditions. At threshold, stimuli might deviate from 
straightness by as little as 1.8-3 see arc (Ogllvie & 
Daiear, 1967). Andrews et al., (1973) found similarly low 
thresholds when presenting arcs, chevrons and vernier 
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targets. These extremely low thresholds in the hypera- 
cuity range, i.e., below the size of foveal photoreceptors, 
are probably achieved by means of filtering and/or active 
interpolation i  the cortex. It is an open question which 
features of a stimulus are used by the mechanisms 
underlying this extreme positional resolution. The 
mechanisms might compare the relative positions of 
individual features, find discontinuities in lines or edges, 
or else detect changes in (implicit) orientation of the 
contours. It proved to be difficult to describe by a single 
parameter the geometrical properties of "curvature 
detectors"--and to predict the outcome of detection 
experiments. Among the possible candidates for this 
parameter are the distance d between the arc and its 
chord, the amount of curvature x and the radius r of the 
imaginary circle through the curved line (Fig. 1, cf. 
Foster et al., 1993). Andrews et al. (1973), Watt and 
Andrews (1982) and Watt (1984) compared thresholds 
for curvature discrimination i an ideal observer with that 
of real observers. They found high effieiencies for curved 
lines with an orientation range of less than _ 20 deg. 
Several authors proposed ifferent neuronal mechan- 
isms for curvature detection. Wilson and Richards (1989) 
put forward the hypothesis that curvature of slightly bent 
lines is evaluated by comparing the orientations of 
tangents at two positions of the line or edge. For stronger 
curvatures, other authors (Koenderink & Richards, 1988; 
Zetsche & Barth, 1990; Ross, 1994) postulated specia- 
lized curvature detectors computing local curvature. 
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FIGURE 1. Several possible parameters to describe the curvature of 
an arc: (i) distance d between an arc and its chord; (ii) angle ct 
as difference of orientation; (iii) curvature rc as the ratio between 
angle A~ and distance As (see formula); (iv) radius r of curvature 
(where r = I/K). 
Hypercomplex cells as described for area 17 of the cat's 
cortex might be the neuronal substrate for curvature 
detection (Dobbins et al., 1987, 1989). On the other hand, 
de Haan (1995) presented a model for curvature 
discrimination, based on the summation of contrast- 
scaled local differences between images. 
In the present study we tried to identify a general 
mechanism for curvature detection of slightly bent 
contours in three experiments. In the first experiment 
we measured thresholds for curvature detection in 
different stimuli such as arcs and chevrons in order to 
find a common denominator for curvature detection. In 
the second experiment we determined the width of the 
units responsible for curvature detection by adding 
flanking lines at both sides of the stimuli and system- 
atically varying their distance from the curved line. The 
last experiment examined the possible role of simple cells 
with asymmetrical side-bands (odd side margin simple 
cells) that are supposed to play a crucial role in curvature 
detection (Dobbins et al., 1989). 
F IRST  EXPERIMENT 
Introduction 
The aim of the first experiment was to characterize the 
stimulus parameter responsible for curvature detection. 
We presented slightly curved arcs whose chord's length 
varied over a wide range and measured detection 
thresholds for chevrons, sinusoidal ines and trapezoids 
of identical ength. Thresholds were calculated both for 
the parameters d (deviation from straightness) and ct 
(deviation from vertical or change of orientation). 
Methods 
In the case of curved lines, chevrons and trapezoids, 
the stimulus consisted of one vertically oriented line 
presented for 830 msec. All stimuli were generated on a 
a) c) 
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FIGURE 2. Stimuli used in Expt 1: (a) chevron, (b) trapezoid and 
(c) straight line vs sinusoidal line. 
Macintosh-Quadra 650 computer driving 2 × 16 bit D-A 
converters and displayed on a 10 x 12 cm wide CRT 
screen (HP 1333A or Tektronix 608 P31 phosphors) with 
a differential spatial resolution of 0.3-0.6 sec arc at 
viewing distances between 1 and 2 m. Stimulus lumi- 
nance was approx. 170 cd/m 2 on a background of 4 
cd/m 2. We measured thresholds for the correct identifica- 
tion of direction of curvature (right vs left) in a modified 
two-alternative forced-choice experiment. In the case of 
sinusoidal lines, two stimuli were presented simulta- 
neously 0.6 deg to the right and to the left of the middle of 
the monitor. One line was straight while the other one had 
a sinusoidal spatial variation. Observers had to indicate 
which of the lines was straight. During the experiment, 
the distance d was varied by a PEST strategy in all the 
experiments (Taylor & Creelman; Figs 1 and 2). 
In addition threshold distance d at which curvature 
direction was identified correctly in 75% of presentations 
was estimated using probit and likelihood analysis. 
Thresholds for ~ were calculated from the values 
obtained for d. 
Lengths of arcs, chevrons, trapezoids and sinusoidal 
stimuli varied over a wide range from 8.3 to 267 min arc. 
The half period length of the sinusoidal lines was 
considered to be equivalent to stimulus length in order 
to allow comparison with the other stimuli. Length of the 
trapezoids was changed by varying the length of the 
middle segment, while the length of the end segments 
was constant at 16.6 min arc. 
Results 
Figure 3(a) shows mean thresholds and SEs in terms of 
distance d as a function of stimulus length for arcs, 
sinusoidal lines, chevrons, and trapezoids. The trapezoids 
were either oriented vertically, or had a random 
orientation jitter (+30 deg). During the third part of the 
experiment, the trapezoids did not have a middle segment 
[see below and Fig. 2(b)]. Threshold displacement d for 
these five stimuli follows an U-shaped dependence on 
stimulus length, and best performance is achieved at 
stimulus lengths around 10-30 min arc. 
Thresholds d of trapezoids depend only weakly on 
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FIGURE 3. (a) Mean thresholds for d as a function of stimulus length in five subjects. (b) Same data as in (a), but thresholds 
expressed as angles ~t. The stimuli were: arcs; sinusoidal ines vs straight lines; chevrons; trapezoids oriented vertically; 
trapezoids with a random orientation jitter (_+ 30 deg); trapezoids without a middle segment oriented with a random orientation 
jitter (_+ 30 deg). 
stimulus length. With these stimuli, subjects might 
examine only one end of the trapezoid relative to the 
middle segment or take an internal subjective vertical line 
as a reference to decide in which direction the trapezoid's 
ends are tilted. In the second part of the experiment the 
orientation of the trapezoids varied randomly between 30 
deg clockwise and counter-clockwise around the vertical 
to exclude this possible feature. As expected, thresholds 
for d (and for ~, see below) increased over the whole 
range of stimulus lengths, but we found no significant 
change of the slope of the function [. in Fig. 3(a,b)] 
compared with vertically oriented trapezoids. 
In the third part of the experiment the middle segment 
of the trapezoid was removed, resulting in a stimulus that 
consisted of two slightly tilted lines of 16.6 min arc 
length each, separated by a variable gap. Thresholds 
increased only marginally compared with those for 
complete trapezoids. 
The orientation cue present in a stimulus might be 
another important parameter for mechanisms detecting 
curvature. Therefore, we calculated thresholds expressed 
as angle ~ between the stimulus and its chord for the data 
presented in Fig. 3(a). Except for trapezoids, threshold 
for ~t was constant at 0.2--0.3 deg for all stimuli longer 
than 33 min arc [Fig. 3(b)]. Even multiple curvatures 
such as in a sinusoidal line did not improve performance, 
when compared with simple arcs or chevrons. Only 
thresholds for trapezoids increased with stimulus length 
(for lengths above around 130 min arc). 
Discussion 
Our results show that thresholds for the detection of 
curvature in almost straight lines are relatively constant if
plotted as a function of orientation difference between a
stimulus' chord and its tangent, while thresholds vary in a 
complex way as a function of stimulus length if they are 
plotted as linear displacement d. We would like to argue 
that the simplest explanation for this result is to postulate 
that near threshold, curvature in stimuli of widely varying 
lengths is detected primarily by orientation-sensitive 
mechanisms. The only assumption would be to have, in 
the visual brain, a neuronal mechanism that detects 
differences in orientation (e.g. between the target and its 
chord, or between different parts of the stimulus) and that 
this mechanism is independent of stimulus length. Under 
this assumption, curvature would be detected whenever 
the orientation difference within the stimulus exceeds the 
sensitivity of this mechanism. 
The exact shape respective form of the stimulus eems 
to be less important for the mechanisms detecting 
curvature. Since thresholds for orientation ~t remain 
relatively constant down to a minimum stimulus length of 
33 rain arc, one might assume that the same mechanisms 
tuned to high spatial frequencies ubserve curvature 
detection at all stimulus lengths. 
This finding seems to contradict the results of Watt and 
Andrews (1982) and Watt (1984) since these authors 
favour curvature x as the cue for curvature discrimina- 
tion. In the experiments performed by these authors 
subjects had to discriminate between two arcs presented 
simultaneously. Watt and Andrews (1982) and Watt 
(1984) measured relative efficiency of curvature dis- 
crimination by comparing the thresholds of real observers 
with an "ideal observer". For stimuli between 12 and 36 
min arc, Watt (1984) found an increase of relative 
efficiency with increasing curvature up to an orientation 
range of _+20 deg for line lengths below 30 min arc, 
although this effect was weak for small curvatures. 
Similar experiments with stimulus lengths between 12 
and 48 min arc were performed by Foster et al. (1993) but 
these authors favour d (in their terminology "sag") as the 
cue for curvature discrimination. Foster et al. performed 
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a set of transformations of the stimulus and found that the 
most efficient cue, sag, accounted best for the variance in 
their data (cf. also de Haan, 1995, p. 210). A constant 
Weber fraction (Asag/sag) was found over the entire 
stimulus range except for low curvatures (with sag close 
to 0) where thresholds for Asag were above the prediction 
based on the Weber fraction. 
The findings by Watt and Andrews and by Foster et al., 
in combination with our results, indicate that two 
different mechanisms underlie the analysis of curvature: 
detection of near-threshold curvature vs discrimination 
between suprathreshold curvatures of different radii. The 
mechanism underlying curvature detection might be 
based on the detection of orientations, or angle :t, while 
curvature discrimination is probably based on another 
mechanism. Wilson and Richards (1989) measured 
curvature discrimination of sharp (wide-band) and of 
band-pass-filtered contours. Removing the signal's low 
frequencies with a high-pass filter had no effect on the 
accuracy of curvature discrimination whereas low-pass- 
filtering increased thresholds for all stimulus lengths. The 
authors concluded that only small receptive fields--most 
sensitive to high spatial frequencies--are involved in 
curvature discrimination. Their data followed Wilson's 
"local processing model" with high accuracy for high 
curvatures while for low curvatures, thresholds in the 
experiment were lower than predicted by the model. 
Wilson and Richards argued that the low thresholds for 
slightly bent stimuli indicate that the mechanism for 
detecting curvature in these stimuli might be based on 
comparison of orientation over a fixed distance. There- 
fore comparison of orientation at a fixed distance along 
the contour was assumed to be the mechanism respon- 
sible for discriminating low curvatures. 
Thresholds for trapezoids increase by about a factor of 
2 if stimulus length increases from 50 to 260 min arc, 
especially for variable stimulus orientation and for 
stimuli without a middle segment. We conjecture that 
this increase of thresholds i due to the fact that detection 
of bend in these stimuli, presented at variable orientation, 
requires the comparison of the orientations of at least two 
segments of the trapezoid. When the middle segment is 
absent, the two outer segments have to be compared, i.e., 
the comparison process has to bridge a considerable 
spatial distance. This spatial distance is the most probable 
reason for the moderate increase of thresholds in these 
stimuli. It should be noted that thresholds for arcs, 
chevrons and trapezoids are very similar for stimulus 
lengths up to around 150 min arc, but differ for longer 
stimuli. In these long stimuli the short end segments of 
the trapezoid with a length of 17 min arc might undergo a
process of orientation assimilation caused by the long 
middle segments (be they real or imaginary) that changes 
their perceived orientation i  a "Bayesean way" towards 
the middle segments and hence increases detection 
thresholds. 
Performance for orientation detection is much better in 
our psychophysical data than it is found in single-cell 
recordings of orientation selective neurons in the visual 
cortex of the cat (Hammond & Andrews, 1978), and the 
macaque (De Valois et al., 1982). Therefore, we expect 
orientation discrimination to be achieved by interactions 
between several neurons in the cortex rather than by 
single neurons. 
SECOND EXPERIMENT 
Introduction 
In the second experiment we tried to gain insights into 
the organization of cortical units sensitive to curvature 
(respectively gradients of orientation) by using psycho- 
physical methods. Flanking lines at small distances to the 
(curved) stimulus are expected to increase thresholds, as 
is the case in vernier detection (Westheimer & Hauske, 
1975; Westheimer et al., 1976; Levi et al., 1985; Waugh 
et al., 1993). We presented flanking lines at a number of 
distances to the curved stimulus and determined their 
impact on thresholds for curvature detection. 
Curvature detection is probably mediated by local 
orientation detectors. The results of Expt 1 suggest hat 
these detectors might have a fixed size for all stimuli 
since thresholds are constant for all stimulus izes. On the 
other hand, specialized curvature detectors might be 
involved in the task as well. However, these curvature 
detectors would have to be scaled with stimulus size. 
Under the "scaling hypothesis", long stimuli are 
expected to be classified by longer (and wider) detectors 
while short stimuli should be detected by shorter (and 
narrower) detectors. 
If the flanks approach the stimulus below a certain 
critical distance, they will influence the receptive fields of 
the neurons that serve to detect and analyse the curved 
stimulus. This influence, or interference, is bound to 
increase thresholds for the detection and discrimination 
of the stimulus ince, at least, the signal-to-noise ratio of 
these receptive fields deteriorates in the presence of the 
flanks. Under the scaling hypothesis we would expect 
that the critical distance between the stimuli and the 
flanking lines should depend on stimulus length and 
curvature. If, however, identical units, sensitive for 
orientation, would detect curvature irrespective of 
stimulus length, thresholds should increase with decreas- 
ing distance of the flanking lines, starting at the same 
distance irrespective of stimulus length and curvature. 
We tried to discriminate between these two alternatives 
in the second experiment. 
Methods 
The distance between the two vertical flanks on both 
sides of the curved stimulus varied in this experiment. 
The length of the flanking lines as well as of the curved 
stimuli covaried between 8.3 and 267 min arc for separate 
experimental runs. The distance between the arc and the 
two crowding bars was calculated by setting the 
horizontal position of the arc to d/2 (Fig. 4). To avoid 
directed eye movements, we reduced presentation time to 
150 msec. In control experiments with two subjects, we 
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FIGURE 4. Stimuli used in Expt 2. (a) Arc flanked by two crowding "~ 
bars of equal distance. (b) Same as in (a) but crowding bars were .~. 
replaced by short vertical ines (see Methods for a detailed 
description). 
used presentation times of 830 msec, with very similar 
results. 
Especially with stimuli longer than 200 min arc and 
corresponding larger displacements, d, observers eemed 
to use a sort of bisection cue to solve the task, simply by 
comparing the distance between the stimulus and the 
flanking lines. To eliminate this possible artifact, each 
crowding bar was replaced by several short vertical ines, 
each 16 min arc long. The lines were arranged on arcs 
with half the stimulus curvature. In addition, the 
horizontal position and the orientation of each element 
varied slightly and at random relative to an arc. Offset 
amplitude of the lines was a function of the arc's 
curvature. The maximum offset did not exceed _+50 sec 
arc. The tilt of the elements varied with d by not more 
than Aft = _+4 deg. 
Thresholds for ,c were measured for Several crowding 
bar distances. Plotting the crowding bar distance against 
ct allowed to fit the data by decreasing exponential 
functions. To determine the maximum distance for 
interactions between the stimulus and the "crowding 
bars", inflection points (here defined as the point on the 
function where the orientation of a tangent changes 
fastest) of the fitting functions were determined. In a first 
step, the inflection point of the fitting function for an arc 
length of 33.3 min arc (Fig. 5), was evaluated by visual 
inspection. The slope of the function [the first deviation 
f'(x)] was found to be -0.06 at this point. For all other 
fitting functions, the inflection point was then defined by 
the crowding bar distance with f'(x) = -0.06. 
Results 
Distance of flanking bars and stimulus length were 
varied systematically. As in Expt 1, threshold angle ct was 
relatively independent of stimulus length for arcs longer 
than 33.3 min arc. Figure 5 shows mean thresholds for ct 
as a function of flanking bar distance for all arc lengths 
and subjects tested. Each data set was fitted by a 
decreasing exponential function. The inflection point of 
the fitting function marks the critical distance between 
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FIGURE 5. Mean thresholds expressed as angle :t as a function of 
distance between stimulus and flanking bars in five subjects. Data were 
fitted by exponential functions. Positions of inflection points are 
marked by a • (see text and Methods for further explanation). 
Thresholds do not or only marginally increase with decreasing distance 
for long stimuli since ven small angles ct correspond to relatively arge 
displacements d that might be used as a bisection cue. 
the arc and crowding bars below which crowding bars 
began to impair the detection of curvature direction (see 
Methods for details). Flanking bars increased thresholds 
for ct by a factor of 8 at distances below 5-10 min arc for 
short stimuli. Also for longer stimuli (>33.3 min arc), 
thresholds for curvature detection were affected by 
crowding bars, but the increase of thresholds was less 
pronounced. Interestingly, the position of the inflection 
point was not affected by arc length at all. For all arc 
lengths, flanking bars affected thresholds at distances 
below 6-8 min arc. This was true not only for the 
averages of all observers, but also for individual subjects. 
Figure 6 shows distance between arc and inflection point 
as a function of arc length for all experiments. A
regression line through the data points had a negative 
slope of -0.01 with r 2 = 0.1 and P= 0.09. The 
correlation was not significant, hence the position of 
the points of inflection was not significantly influenced by 
arc length. 
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FIGURE 6. Position of points of inflection as a function of arc length 
for five subjects. The slope of the regression line does not differ 
significantly from zero. 
Discussion 
Flanking bars increase thresholds for curvature detec- 
tion significantly, up to a factor of 8 for short lines, but far 
less so for longer lines. We hypothesize, in line with 
earlier reports (Westheimer & Hauske, 1975) that 
thresholds increase if the flanking lines intrude into the 
receptive fields of the neurons subserving (curvature) 
detection. Hence, the largest distance between the 
stimulus and the flanks that increases thresholds for the 
stimulus is taken as the maximal radius of the curvature 
detectors' receptive field. Thresholds increase only for 
distances below 10 min arc between stimulus and flanks, 
for line lengths varying by a factor of 10 or more 
(8.33-66.6 min arc, respectively, 133.3 min arc, cf. 
Fig. 5). 
As outlined above, local curvature detectors might bc 
units each tuned to the detection of their specific 
curvature or range of orientations. Small, narrow band 
receptive fields might analyse short lines with higher 
curvature while much longer and (proportionally) wider 
curvature detectors would detect longer lines with lower 
curvature. Under this hypothesis we would expect the 
critical distance between stimulus and flanks to increase 
with stimulus length, i.e., inhibitory influences should be
wider for longer lines. As is evident from Figs 5 and 6, no 
such effect is present in our data. 
The results suggest that curvature detection for all 
stimulus lengths might be achieved by units approx. 
15-20 min arc long, i.e., half of the length at the point of 
inflection in the curves of Fig. 3(b). We base our 
a) b) 
c) d) 
/ 
FIGURE 7. (a,b) Pseudo-three-dimensional representation of end stopped sensitive simple cells with excitatory and inhibitory 
regions. (a) Even side cells; (b) Odd side cells; (c,d) Shapes of the stimuli used in Expt 3. 
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ments the spatial mask was used with two-dot verniers, in 
order to examine the size and spatial frequency tuning 
characteristics of the postulated orientation sensitive 
units (Levi & Waugh, 1996). Vernier thresholds for 
elements of opposite contrast were degraded for stimulus 
separations up to 24 min arc as compared to stimuli with 
elements of same contrast. For wider separations, 
thresholds did not differ between stimuli of opposite vs 
same contrast. Over a range of separations from 3 to 30 
min arc, masking was strongest at a spatial frequency of 
about 10 c/deg. Size and frequency tuning characteristics 
of the filters found by Levi and Waugh are in good 
agreement with the properties of the orientation sensitive 
units that we propose here. 
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FIGURE 8. Thresholds for detecting the direction of curvature, 
expressed as angles ct, as a function of stimulus length for arcs, solid 
areas and divided areas. 
estimation of unit length on half of the stimulus length, 
rather than on the entire length at which thresholds begin 
to increase, indicating that not the entire receptive field is 
stimulated (due to a lower signal-to-noise ratio). The 
reason for this division by 2 is that the units that detect 
orientation should use never more, but usually less than 
half of the length of the curved stimulus to discriminate 
between curvature to the left vs curvature to the right, 
since the curved stimulus "returns" to the chord joining 
the endpoints (and hence to the vertical for our stimuli) 
after half of its course. It is evident hat averaging over 
the full length of a curved vertical stimulus, as a unit with 
a size corresponding to the length of the stimulus would 
do, will always produce the information "vertical 
orientation". 
As argued above, the units should be approx. 8-10 min 
arc wide (including the inhibitory surround), correspond- 
ing to the points of inflection in the curves of Fig. 5. 
Increasing the line length beyond the length of the 
elementary units might allow probability summation of 
several of the units, improving thresholds moderately 
with increasing line length, but much less so than for 
stimuli shorter than the length of the units. 
Similar spatial extensions of units detecting the spatial 
offset of a vernier stimulus were proposed by Waugh et 
al. (1993). These authors postulated, based on experi- 
ments with a spatial noise mask, at least two orientation 
sensitive filters being combined in a nonlinear way to 
extract relative position information. In further experi- 
THIRD EXPERIMENT 
Introduction 
Koenderink and Richards (1988) modelled two- 
dimensional curvature detectors by means of differential 
geometry. They showed that two-dimensional curvature 
detectors are advantageous compared with one-dimen- 
sional ones: two-dimensional detectors ecover curvature 
over a range of spatial scales and are more robust against 
noise than a one-dimensional operator. Zetsche and Barth 
(1990) presented a more general form of a curvature 
detection model based on differential geometry. They 
argued that appropriate detectors require an "and- 
operator" (together with subtraction of a compensation 
term if both filters overlap) to compare the orientations 
covered by a signal. In consequence, those detectors 
would not respond if the signal is constant along one 
orientation. This behaviour is different from the curva- 
ture detectors modelled by Dobbins et al. (1989) that 
respond to several one-dimensional signals such as 
frequency modulated gratings or dark lines (Zetsche & 
Barth, 1990). The model presented by Dobbins et al. is 
based on the assumption that even and odd side margin 
end-stop-sensitive neurons might represent the detectors 
for curvature [Fig. 7(a,b)]. In their simulation the 
difference between the half-wave rectified outputs of 
two simple cells with different receptive field size that 
were sensitive to the same orientation, produced the 
output of the "end-stopped simple cell model". 
In our third experiment, we presented areas of different 
shapes and curvatures in order to test the possible role of 
odd side margin receptive fields as proposed by Dobbins 
et al. (1989) for curvature detection. 
Methods 
Bright areas, 12 min arc wide and 3.3-267 min arc 
long, were generated with one vertically oriented, slightly 
curved edge. The horizontal edges were straight lines, the 
second vertical edge had a sinusoidal shape [Fig. 7(c)]. 
Thus observers were unable to compare the orientations 
of the two vertical edges in order to solve the task. In the 
second part of the experiment the bright area was halved 
horizontally by presenting the upper half on one side of 
the curved edge and the lower part on the opposite side 
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[Fig. 7(d)j. Luminance was reduced in this experiment to 
100 cd/m to avoid phosphor burn of the monitor. 
Results 
As can be seen in Fig. 8, the form of the stimuli did not 
affect thresholds for curvature detection, expressed as 
angles ~, for stimuli exceeding a length of 33 rain arc. 
Compact areas and arcs yielded indiscriminable 
results. In the shorter stimulus range, from 3.3 to 33 
min arc, thresholds for divided areas increased more 
steeply by a factor of 3 compared with the compact areas. 
Performance for detecting curvature of short arcs was 
always slightly better than for both other types of shapes 
of equal length. 
Discussion 
In the Discussion of the second experiment, we put 
forward the hypothesis that curvature detection of stimuli 
longer than 0.5 deg might be subserved in the fovea by 
neuronal units approx. 15-20 min arc long and 8 min arc 
wide. Orientation sensitive units would detect low 
curvatures by using explicit or implicit orientation cues, 
and would not be "end-stopped", i.e., would not show 
inhibitory regions at the ends of the receptive field's long 
axis. Such inhibition would not be useful with low 
curvatures since the stimuli would inevitably activate this 
inhibition. On the other hand, end stopping such as that 
shown in Fig. 7 might be a useful feature for detectors of 
strongly curved contours and edges. End-stopping would 
also be in line with results by Watt (1985) who found that 
line intersections interfere with curvature detection. 
If shorter stimuli could be detected by neurons with 
even margin receptive fields [Fig. 7(a)], stimuli such as 
the ones shown in Fig. 7(d) would be well analysed as 
long as they were longer than twice the length of the 
receptive fields, since each half of the stimulus would fit 
into a complete receptive field. For stimulus lengths 
above 30-40 min arc, results for the divided area stimuli 
should therefore correspond to those of continuous edge- 
stimuli. Thresholds for these divided area stimuli [as is 
evident with shorter edges in Fig. 3(b)] should start to 
increase with decreasing stimulus length at twice the 
stimulus length compared with continuous edge stimuli, 
since part of the stimulus will stimulate the inhibitory 
surround (if located at the end of the receptive field) or 
else not activate the complete xcitatory portion of the 
receptive field, leading to a decrease of the signal-to- 
noise ratio. In Fig. 8 the inflection points for the "divided 
area" stimuli are around 15-30 min arc, well compatible 
with the expectation. Thresholds of shorter stimuli are 
clearly higher for the divided area than for the contour 
stimuli, while results for the three types of stimuli are 
identical for longer stimulus lengths. Results for the 
"compact area" stimuli increase less steeply with 
decreasing stimulus length than divided area stimuli do, 
probably because the compact stimuli pose no problem 
for odd-side receptive fields if the "compact area" is 
located opposite to the inhibitory surround of the 
receptive field. 
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FIGURE 9. Mean thresholds for curvature detection (expresscd as
orientation difference) asa function of stimulus length as in Fig. 3: @ 
angle ~ for curved stimuli; • angle ~,, of a secant of 15 min arc length 
for curved stimuli; 0 angle ~ for chevrons. Only results for stimuli 
longer than 33 min arc are shown. 
GENERAL DISCUSSION 
We tried to characterize psychophysically the neuronal 
mechanisms that subserve the detection and discrimina- 
tion of curvature in almost straight lines. The first 
experiment indicated that the deviation from straightness 
might be more adequately expressed by an angle, i.e., a 
change of orientation, rather than by a linear measure of 
distance such as the maximal distance between a curved 
line and a line through the endpoints of this line. This is to 
say that, for these stimuli, curvature detection might be 
based on a (relative) orientation judgement. Thresholds 
for orientation discrimination as well as the length of the 
hypothetical orientation detectors cited in the literature 
(e.g. Westheimer, 1981), are indeed similar to the values 
we calculated from our experiments on curvature 
detection. Thresholds are relatively constant for stimulus 
lengths above around 0.5 deg, but increase strongly for 
shorter contour lengths, indicating a length of the 
underlying orientation sensitive units close to half this 
value. The results for detecting the curvature of arcs and 
chevrons are in excellent agreement with the assumption 
of an orientation sensitive mechanism [Fig. 3(b)], and the 
agreement further improves if we replot the data for the 
constant condition of Fig. 3(b), i.e., for stimulus lengths 
between 33 and 270 min arc under the assumption that 
the underlying receptive fields have a size around 8 × 15 
min arc. 
In Fig. 9 we calculate a regression line as a secant 
through the upper 15 min arc of the arc, rather than using 
the tangent at the end of the stimulus as in Fig. 3(b). For 
this parameter, thresholds for arcs and chevrons are more 
similar to each other and not significantly different for 
short stimulus lengths (results are marked with a 0) .  
Note the change in the scale of the ordinate between Figs 
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3(b) and 9: the differences till present in Fig. 9 are very 
small indeed. 
For longer stimuli where the displacement d is 
relatively large at constant angle ~t, d might well prove 
to limit performance, in line with the results obtained by 
Foster et al. (1993). In the second experiment, the width 
of the orientation sensitive units was tested by adding 
flanking lines on both sides of the stimuli. These flanks 
increase thresholds dramatically for short and are less 
pronounced for longer stimuli if presented close to the 
stimulus. However, at all stimulus lengths, thresholds 
start to increase at a distance of around 8 rain arc between 
the stimulus and the flank, indicating that this is the width 
of the receptive field. 
The third experiment supplied further evidence for the 
assumption that the length of the orientation sensitive 
units is around 15-20 min arc. The finding that thresholds 
for short lengths are higher for "divided area" stimuli 
than for "compact" stimuli and for simple edges is well 
compatible with the assumption that curvature of very 
short stimuli below 20 min arc is detected by neurons 
with odd and even side receptive fields or by two- 
dimensional curvature detectors such as proposed by 
Koenderink and Richards (1988), as well as Zetsche and 
Barth (1990). In summary, our results indicate that low 
curvature might be analysed in the human visual system 
by orientation sensitive units of constant and defined 
length and width. 
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